The sphingomyelin pathway is initiated by hydrolysis of the phospholipid sphingomyelin (N-acylsphingosine-1-phosphocholine) which is preferentially concentrated in the plasma membrane of mammalian cells (Hannun, 1996; Spiegel et al., 1996) . Sphingomyelin hydrolysis occurs via the action of sphingomyelin speci®c forms of phospholipase C, termed sphingomyelinases (SMases) (Kolesnick, 1991) . Ceramide, generated by this reaction, acts as a second messenger and initiates cell type speci®c signaling. Apoptosis is only one of many reported eects in response to ceramide generation. However, it is a commonly reported event.
Cellular SMases are de®ned by their pH optima as either neutral or acid. Neutral sphingomyelinase (NSMase) is found in many, if not all, tissues. NSMases display a pH optimum of 7.4, and are either membrane-bound and Mg 2+ -dependent, or cytosolic and cation-independent. The gene or genes encoding the mammalian NSMase are yet to be clearly identi®ed. Acid sphingomyelinases (ASMases), possessing optimum-pH between 4.5 ± 5.5, are Zn 2+ -stimulable enzymes found in all mammalian cells as low molecular weight intracellular or high molecular weight secreted forms. This appears to re¯ect post-translational processing of the primary gene product. Tabas and co-workers found that macrophages, ®broblasts, and endothelial cells secrete substantial amounts of the high molecular weight form of ASMase (Schissel et al., 1996) . Secretion of this form is increased by cytokine stimulation, perhaps by increasing the¯ux of the ASMase precursor through the Golgi-secretory pathway. There is emerging evidence suggesting that caveolae, putative plasma membrane microdomains enriched in sphingolipids, may be important sites for ligand-induced sphingomyelin hydrolysis via ASMase . Both NSMase and ASMase have been implicated in stress-induced apoptosis.
A synthetic mechanism also exists for the generation of ceramide, which under some circumstances can be regulated for induction of apoptosis. De novo synthesis of ceramide occurs via the enzyme ceramide synthase, which in mammalian cells catalyzes the condensation of the sphingoid base sphinganine and fatty acyl-CoA to form dihydroceramide. Dihydroceramide is rapidly oxidized to ceramide (Spiegel et al., 1996) . Ceramide synthase has not yet been characterized at the molecular level and its activity has been detected only in endoplasmic reticulum and mitochondria (Hirschberg et al., 1993; Shimeno et al., 1995) . A variant of this mechanism exists in yeast, where phytosphingosine is the predominant sphingoid base used for ceramide synthesis and the oxidation step is omitted (Dickson, 1998) .
Ceramide as a stress response signal
Many studies have demonstrated that diverse stresses (oxidative, UV, ionizing radiation, heat,¯ow, cytokines, chemotherapeutic agents) activate the sphingomyelin pathway during signaling of the death response in eukaryotic systems Pena et al., 1997) (Figure 1) . In most instances, analogs of ceramide but not other lipid second messengers mimic the induction of the death response, providing evidence that ceramide generation plays a direct role in the apoptotic response. This eect is stereospeci®c as an analog of the natural precursor for ceramide, dihydroceramide, fails to induce apoptosis. Recent work has also implicated a role for sphingolipids including ceramides in signaling the heat shock response in yeast (Dickson et al., 1997; Jenkins et al., 1997; Mandala et al., 1998; Wells et al., 1998) . In this regard, mutants incapable of rapid synthesis of sphingolipids in response to heat (Figure 2 ) fail to develop the capacity to grow at elevated temperatures. This defect is bypassed by supplementation with exogenous sphingolipid. Thus, ceramide signaling is not only evolutionary conserved but may constitute a programmed stress response that predates apoptosis in metazoans.
Ceramide generation upstream of caspases
While it is generally accepted that the eector caspases mediate the execution phase of apoptosis, upstream signaling of apoptosis has not been fully elucidated. Researchers have attempted to molecularly order the various components of the apoptotic program. In tumor-necrosis factor (TNF) receptor-1-induced apoptosis as in Fas-mediated apoptosis, ligand binding induces receptor trimerization, followed by the recruitment of adaptor proteins to the death domain Figure 1 Time course of stress-induced ceramide generation in U937 cells. U937 cells, incubated in serum-free medium for 20 h, were: irradiated on ice with 10 Gy using a 137 Cs gamma-cell source; treated with 1 mM hydrogen peroxide (H 2 O 2 ); treated with 10 000 mJ cm 72 ultraviolet C radiation (UV-C); subjected to heat (458) in a hot-water bath; or incubated with 10 nM TNFa. At the indicated times, ceramide was extracted and quanti®ed using E. coli DAG kinase as previously described (Haimovitz-Friedman et al., 1994) . Data (mean+s.d.) were derived from three separate determinations from two experiments. *P50.01 and **P50.05 are compared with controls (Student's t-test). Reprinted from Verheij et al. (1996) with permission from the copyright holders, Macmillan Magazines Limited on the cytoplasmic portion of the receptor. Adaptor proteins eventually bind a proximal caspase, eliciting autoactivation, thereby connecting receptor signaling by TNF and Fas to the apoptotic machinery (SchulzeOstho et al., 1998) . Ceramide generation has been molecularly ordered downstream of the death adaptor proteins TRADD and FADD/MORT1 and upstream of eector caspases (Chinnaiyan et al., 1996) . TRADD and FADD appear to link speci®cally to the acidic form of SMase (Schwandner et al., 1998) . Consistent with this observation, ®broblasts derived from the caspase 8 knockout mice were defective in Fas-and TNF-but not ceramide-induced death (Varfolomeev et al., 1998) , whereas mice de®cient in Apaf-1 were totally resistant to ceramide-induced death (Cecconi et al., 1998) .
Although the above studies link ceramide signaling to cytokine receptor activation, the major environmental and therapeutic stresses are unlikely to use this mechanism for ceramide generation or apoptosis. It was suggested that membrane damage might induce cytokine receptor oligomerization, thereby initiating apoptosis. The FADD (Yeh et al., 1998) and Caspase 8 knockout mice (Varfolomeev et al., 1998) , however, have clari®ed this issue as cells from these mice display normal apoptotic responses to numerous stimuli despite defects in Fas and TNF action. Similarly, stress-induced ceramide generation, when studied, appears independent of cytokine receptors. In this regard, ceramide generation in response to the thymidylate synthase inhibitor GW1843 which activates both NSMase and ASMase (Laethem et al., 1998) , anti-IgM which signals through ASMase (Chen et al., 1998) and hypoxic damage via NSMase (Yoshimura et al., 1998) are not aected by peptide caspase inhibition. Further, ionizing radiation (Haimovitz-Friedman et al., 1994) and H 2 O 2 (Goldkorn et al., 1998) activate sphingomyelinases in isolated membranes. Perhaps most persuasive, heat induces ceramide synthase activation and ceramide generation in Saccharomyces cerevisiae which contain no cytokine receptors or caspases (Jenkins et al., 1997; Wells et al., 1998) .
Activation of ceramide synthase has also been molecularly ordered proximal to caspase-mediated death. Treatment of p388, HL-60 and U937 cells with the chemotherapeutic drug daunorubicin (Boland et al., 1997; Bose et al., 1995) , or LNCaP cells with the phorbol ester 12-O-tetradecanoylphorbol 13-acetate (1995), resulted in ceramide generation over a period of hours via prolonged activation of ceramide synthase. Ceramide synthase appeared obligatory for apoptosis in these systems, as the fungal toxin fumonisin B1 (FB1), which Merrill and co-workers have documented as a speci®c inhibitor of ceramide synthase (Merrill et al., 1996) blocked stimulus-induced synthase activation, ceramide generation and cell death.
Mechanisms of ceramide generation
The three known enzymes which signal ceramide generation appear activated by dierent mechanisms in response to stress. The ASMase gene gives rise to both lysosomal and secreted forms (S-SMase) of the enzyme. Since sphingomyelin is preferentially located in the outer lea¯et of the plasma membrane, S-SMase may be the form of ASMase responsible for ceramidemediated apoptosis. Endothelium appear to be a particularly rich source of S-SMase (Marathe et al., 1998) (Figure 3 ), and ASMase knockout mice display a de®cit in radiation-and endotoxin/TNF-induced ceramide generation and apoptosis in endothelium, but no defect in p53-mediated death of thymocytes (Haimovitz-Friedman et al., 1997; Santana et al., 1996) (Figure 4 ). ASMase involvement in apoptosis is not restricted to the endothelium, however, since B cells from patients with Niemann-Pick disease (NPD), another genetic model of SMase de®ciency, fail to respond to ionizing radiation with ceramide generation or apoptosis, and retroviral transfer of the ASMase gene restores both events (Santana et al., 1996) . Two groups have reported that ASMase signaling may occur in caveolae, which may represent transient membrane structures capable of forming as a physical response of membranes to diverse stresses (Dobrowsky and Carter, 1998; Liu and Anderson, 1995) . Consistent with this hypothesis recent studies show that ceramide generation (Zha et al., 1998) via ASMase (Grassme et al., 1997) is capable of initiating formation of a vesicular compartment at the plasma membrane in an ATP-independent manner probably due in part to the unique property of ceramide to induce non-lamellar structures in bilayers (RuizArguello et al., 1998) .
One mechanism by which NSMase can be activated by stress has been suggested by Hannun and coworkers. These investigators showed that physiologic concentrations of glutathione, which neutralizes free radicals, inhibits NSMase (Liu and Hannun, 1997) . A depletion in glutathione, which occurs during oxidative stress, may result in NSMase activation (Liu et al., 1998) . During TNF-mediated cell death glutathione depletion is progressive, and NSMase activation and ceramide generation occur after 6 ± 12 h. This contrasts with the rapid ceramide generation that occurs in response to environmental stress in some cells (Figure  1) , an event likely mediated via ASMase. NSMase can Figure 2 Eect of heat stress on ceramide levels in yeast. Lipids were extracted at the indicated times from S. cerevisiae incubated at 308C or 398C. Ceramide was measured by the E. coli DAG kinase assay (Preiss et al., 1987) . Data are representative of duplicate samples from at least three experiments. Reprinted from Jenkins et al. (1997) with permission from the authors and the copyright holders, The American Society for Biochemistry and Molecular Biology also be rapidly activated through the 55 kD TNF receptor, perhaps via an adaptor protein termed FAN (factor associated with neutral SMase activation) (Adam-Klages et al., 1996) . This event has not, however, been linked to induction of apoptosis.
The mechanism by which stress signals ceramide synthase activation is unclear, although it is likely, based on its subcellular localization, to be activated by fundamentally dierent mechanisms than the SMases. Preliminary evidence suggests that damaged DNA initiates ceramide synthase activation in either the endoplasmic reticulum or the mitochondria via a translationally independent process (Liao, Kolesnick and Fuks, unpublished observation) . Elucidation of the pathway leading to ceramide synthase activation will likely require identi®cation of ceramide synthase at the molecular level.
Downstream eectors of ceramide-induced death
As a stress response signal, ceramide couples to whatever second messenger systems are available in the cell type of interest. The challenge for investigators in this ®eld is to determine general mechanisms by which ceramide can signal and then apply these to speci®c cellular systems. Another level of complexity exists however as evidenced by studies of Spiegel and co-workers that showed that even within a single system ceramide signaling is subject to transmodulation. In this regard, ceramide activation of the JNK cascade and apoptosis is antagonized by another lipid second messenger sphingosine 1-phosphate, a potential byproduct of ceramide metabolism (Coroneos et al., 1995) . In the presence of sphingosine 1-phosphate, ceramide is no longer capable of activating the JNK cascade and instead participates in extracellular signal-regulated kinase (ERK) activation. This plasticity is consistent with ceramide serving graded messenger function upstream of the commitment stages of apoptosis.
Recent studies have de®ned one pathway by which ceramide can link to apoptotic signaling. In COS-7 cells, ceramide signals Raf-1 activation through Ras (Zhang et al., 1997) , but not apoptosis. However, expression of small amounts of the pro-apoptotic Bcl-2 family member BAD, conferred ceramide-induced apoptosis onto COS-7 cells (Basu et al., 1998) . Ceramide signaled apoptosis in BAD-expressing cells by a pathway involving sequentially kinase suppressor ) and ASMase knockout (ASMase 7/7 ) mice. Lung and thymic specimens were stained 10 h after 20 Gy whole body irradiation. 5 mm sections of ®xed tissue were used for TUNEL assays to detect apoptosis. Apoptotic nuclei are identi®ed by brown-yellow staining due to diaminobenzidine used while normal nuclei stain blue due to counterstaining with hematoxylin. Reprinted from Santana et al. (1996) with permission from the copyright holders, Cell Press of Ras/ceramide-activated protein kinase, Ras, c-Raf-1, and MEK1. Downstream, this pathway linked to BAD dephosphorylation at serine 136 by prolonged inactivation of Akt/PKB. Further, mutation of BAD at serine 136 abrogated ceramide signaling of apoptosis. Hence, when ceramide signals through the Ras/Raf cascade, the availability of a single target, BAD, may dictate an apoptotic outcome.
Alternatively, ceramide signaling of apoptosis in some systems has been linked to the transcriptional apparatus through the JNK cascade. A description of the role of JNK in apoptosis is below. This review will return to ceramide activation of JNK later.
Apoptosis through the JNK cascade

Signaling through JNKs
Like the sphingomyelin pathway, the JNK/SAPK pathway is evolutionarily conserved. Along with the ERK pathway and the p38/HOG pathway, it is one of three mitogen-activated protein kinase (MAPK) cascades. The JNK cascade is a stress response system activated by stresses similar to those signaling ceramide generation (Fanger et al., 1997; Ip and Davis, 1998; Kyriakis and Avruch, 1996) . The mammalian JNK family is comprised of three separate genes, jnk1, jnk2 and jnk3, which can be alternatively spliced to ten isoforms. JNKs phosphorylate the transcriptional activation domains of the transcription factors ATF2, Elk-1 and c-Jun, increasing their transcriptional activity. Alternately, phosphorylation of the transcription factor NFAT4 by JNK reduces its transcriptional activity. JNKs are themselves activated by the dual speci®city MAP kinase kinases MKK4 or MKK7 and inactivated by Ser/Thr and Tyr MAP kinase phosphatases, such as MKP-1. Further, stresses stimulate an ever enlarging set of upstream MAP kinase kinase kinases that transmit signals capable of activating the JNK family members ( Figure 5 ). As observed with ceramide signaling, the outcome of JNK signaling is cell-and context-dependent, with growth, differentiation or apoptosis as potential outcomes. JNK signaling is conserved through Drosophila as homologs of MKK7, JNK, and c-Jun are required for dorsal closure during embryogenesis, a morphogenic process involving formation of an epithelial cover for the developing embryo (Ip and Davis, 1998) . JNK also appears involved in the innate immune response, photoreceptor development and the establishment of tissue polarity in Drosophila (Ip and Davis, 1998) . 
JNKs and apoptosis
Numerous reports provide evidence for a causal role for JNK activation in induction of apoptosis, while an equal number of studies suggest JNK activation is either anti-apoptotic or non-apoptotic. The evidence that the JNK pathway is pro-apoptotic derives from studies that show that these kinases are activated rapidly in cells destined to undergo an apoptotic response, that their overexpression results in apoptosis in some cells, that anti-sense inhibition or the use of dominant negative constructs attenuates the apoptotic response, and in a recent publication by the use of a knock-out mouse Brenner et al., 1997; Butter®eld et al., 1997; Cardone et al., 1997; Chen et al., 1996a,b; Chuang et al., 1997; Frisch et al., 1996; Goillot et al., 1997; Seimiya et al., 1997; Verheij et al., 1996; Xia et al., 1995; Yang et al., 1997a; Zanke et al., 1996) . In the latter studies, in mice de®cient in JNK3, which is restricted to the brain, there was a reduction in seizure activity and hippocampal apoptosis in response to the excitotoxic glutamate-receptor agonist kainic acid (Yang et al., 1997a) .
Cell-type speci®city may be one reason that consensus has not been reached for either a strictly pro-or anti-apoptotic role for JNK signaling. For example, though it has been demonstrated that inhibition of JNK signaling does not block Fasmediated killing in Jurkat T cells (Chen et al., 1996b; Lenczowski et al., 1997) , it was found that Fasmediated apoptosis in neuroblastoma cells requires the JNK pathway (Goillot et al., 1997) . Similarly, and in contrast to the evidence provided by the jnk3 knockout, data from the TRAF2 knockout mouse suggest that TRAF2 signaling of JNK activation protects against TNF-induced apoptosis (Yeh et al., 1997) . The diering results obtained in dierent studies on the role of JNK family members is further contributed to by the quality of the available reagents. None of the antibodies generated so far distinguish adequately between the JNK isoforms, making it nearly impossible to assign pro-or antiapoptotic functions in any particular cell or in response to any particular stress. A recent study suggests that dierent JNK isoforms do not mediate the same signal ®nding that dominant negative JNK1 inhibits UVinduced apoptosis while dominant negative JNK2 is ineective in a cultured small cell lung cancer line (Butter®eld et al., 1997) . The quality of available reagents similarly aects our ability to de®ne subcellular localization of speci®c isoforms during induction of apoptosis. Furthermore, the upstream kinases that regulate JNK isoforms during speci®c signaling events are for the most part unknown, making it dicult to devise strategies directed at speci®city. As was observed with ceramide signaling, JNK signaling of apoptosis is subject to transmodulation. In many instances, the ERK cascade appears to attenuate JNKmediated apoptosis (Xia et al., 1995) .
Mechanisms of JNK-induced apoptosis
Proximal signals capable of selecting JNK for induction of apoptosis have emerged over the last year. Ichijo et al. (Ichijo et al., 1997) isolated a novel MAP kinase kinase kinase termed apoptosis signal-regulated kinase-1 (ASK-1), which signals JNK activation through MKK4. ASK-1 was activated by TNFa in cells destined to undergo apoptotic death, dominant negative ASK-1 blocked TNFa-induced apoptosis, and overexpression of ASK-1 signaled apoptosis. Recent studies suggest that ASK-1 couples to an adaptor protein named Daxx, which binds the death domain of Fas, in a ligand-dependent manner (Chang et al., 1998; Yang et al., 1997b) .
While ASK-1 activation through Fas appears to occur independent of initiator caspases, caspasemediated signaling through JNK has been documented. p21-activated kinase 2 (PAK2), which activates JNK by an unknown mechanism, is cleaved between the regulatory aminoterminal domain and the carboxyterminal kinase domain early in Fas-activated Jurkat cells, generating constitutively active PAK2 (Rudel and . Dominant negative PAK2 attenuated apoptotic body formation in these cells, consistent with a role for PAK2 in progression of the apoptotic response.
Ceramide signaling of JNK activation is similarly pro-apoptotic Herr et al., 1997; Huang et al., 1997; Shirakabe et al., 1997; Verheij et al., 1996) . Verheij et al. showed that diverse environmental stresses (UV, ionizing radiation, oxidative stress, heat, cytokine) that signal JNK activation also signal rapid SMase-mediated ceramide generation in primary cultures of bovine endothelial and U937 cells. While ceramide analogs stimulated JNK in these cells, other lipid second messengers were ineective. Further, dominant negative MKK4 or c-Jun blocked stress-and ceramide-induced death. Gulbins and coworkers have provided evidence that ceramide-induced JNK activation may be mediated by the small Gprotein Rac1 as ceramide analogs activate Rac1 and dominant negative Rac1 blocks ceramide-induced JNK activation and apoptosis in Jurkat cells. Alternatively, the MAP kinase kinase kinase TAK1 which is activated by ceramide may be involved, although apoptosis mediated through TAK1 has not yet been reported (Shirakabe et al., 1997) . ASMase may be the isoform responsible for the ceramide generated by stresses which activate JNK to signal apoptosis, as Dong and co-workers found that NPD cells were defective in UV-induced JNK activation and ceramide analogs bypassed the blockade (Huang et al., 1997) . Whether these distinct pro-apoptotic signaling pathways through JNK may work coordinately or are cell-type speci®c is presently uncertain.
Targets for JNK signaling of apoptosis
Although the targets for JNK in induction of apoptosis are presently unknown, most likely they involve transcriptionally-regulated gene products ( Figure 6 ) (Faris et al., 1998a,b; Kasibhatla et al., 1998) . In this regard, Green and co-workers recently reported that DNA damage by etoposide or UV irradiation signaled JNK activation and Fas ligand upregulation. These authors provided evidence that Fas ligand upregulation occurred via a unique AP-1 site on the Fas ligand promoter, and suggested this event might mediate DNA damage-induced death. Ceramide-induced death may also require AP-1 in some instances. Sawai et al. showed that ceramide analogs induced AP-1 activation prior to apoptosis and that curcumin, an inhibitor of AP-1 activation, and antisense c-jun expression, blocked ceramide-induced death in HL-60 cells (Sawai et al., 1995) . In some instances, ceramide generation and JNK activation may occur independently yet act coordinately to signal apoptosis. In this regard, Debatin and co-workers (Herr et al., 1997) showed that daunorubicin-induced ceramide generation was required for Fas-ligand upregulation and apoptosis as both events were inhibited in NPD cells. In contrast, daunorubicin-induced JNK stimulation was not attenuated in NPD cells although a requirement for JNK activation in induction of apoptosis was not evaluated in these studies. As stated above, murine embryonic ®broblasts from the caspase 8 knockout mice were defective in TNF-and Fas-induced death but not in etoposide-and UV-induced death, eectively dissociating the phenomena. Similarly, cells from the FADD knockout mice were defective in Fas-and TNF-but not adriamycin-induced death, suggesting if Fas ligand upregulation is a mechanism for induction of death in response to stress it must occur under speci®c circumstances.
Alternatively, JNK may signal apoptosis by a mechanism independent of transcription or translation. One report suggests that JNK can directly inactivate Bcl-2 by phosphorylation of one or all of four serine and threonine residues within the¯exible loop that resides N-terminal to the BH3 domain (Maundrell et al., 1997) . Consistent with this hypothesis in WEHI-231 B cells, full-length Bcl-2 is hyperphosphorylated and ineective in preventing anti-IgM-induced death while a loop-deletion mutant blocked apoptosis. Other Bcl-2 family members, caspases or Apaf-1 might also serve as targets for transcriptionally/translationally-independent eects of JNK on apoptosis.
Conclusion
The sphingomyelin and JNK pathways, which can act sequentially or independently, respond to stress in numerous intracellular compartments, and deliver signals indicating that damage has occurred. The quality and quantity of the signals delivered not only re¯ect the type of stress confronted but also the genetics and environment of the cell at the time of stress. These systems are poised to respond to stress on a moment to moment basis and are continually being reset by the intracellular and extracellular milieu. Thus, a state of dynamic modi®cation of these systems already exists and should be subject to pharmacologic manipulation once the details of their usage are clari®ed. Figure 6 Overview of ceramide-and JNK-mediated apoptosis. Stresses and cytokines may initiate signaling through the JNK cascade via receptor-associated adaptor molecules, SMase-mediated ceramide generation, or unknown mechanisms. JNK activation results in transcriptional upregulation of pro-apoptotic TNF superfamily members (Herr et al., 1997; Debatin, personal communication) , but may also act directly to phosphorylate and inactivate Bcl-2 to promote apoptosis. Ceramide can also signal transcriptionally-independent apoptosis through mitochondria dysfunction, which, in one report, occurs by suppression of Akt kinase via a pathway regulated through Ras and Raf-1
